High riverine nutrient loads caused poor water quality, low water transparency and an unsatisfactory ecological status in the Szczecin (Oder) Lagoon, a trans-boundary water at the southern shore of the Baltic Sea. Total annual riverine N (P) loads into the lagoon raised at the 20th century from approximately 14,000 t TN (1,000 t TP) to 115,000 t TN (10,500 t TP) in the 1980ties and declined to about 56,750 t TN (2,800 t TP) after 2010. Nutrient concentrations, water transparency (Secchi depth) and chlorophyll-a showed a positive response to the reduced nutrient loads in the Polish eastern lagoon. This was not the case in the German western lagoon, where summer Secchi depth is 0.6 m and mean chlorophyll-a concentration is four times above the threshold for the Good Ecological Status. Measures to improve the water quality focused until now purely on nutrient load reductions, but the nutrient load targets and Maximal Allowable Inputs are contradicting between EU Water Framework Directive and EU Marine Strategy Framework Directive. According to the HELCOM Baltic Sea Action Plan, the thresholds of the annual riverine nutrient inputs to the lagoon would be about 48,850 t N (1,570 t P). Actions in the river basins that would allow meeting these targets are hardly achievable. Even if the load targets would be fully implemented, they are not sufficient to transfer the lagoon into a non-eutrophic state. The implementation of EU Water Framework Directive is further hampered, as consistent water quality thresholds for the two parts of Szczecin Lagoon are missing. An approach to harmonize them is presented, which incorporates the spatial differences. By implementing consistent water quality targets, Szczecin Lagoon could serve as blueprint for other trans-boundary waters. In the western lagoon, nutrient load reductions in the past decades had no effect on the water quality. High water residence times, frequent sediment resuspension and the missing submerged vegetation inhibit the load reduction effects on the water quality. Internal measures in the western lagoon are necessary, which aim at removing nutrients and increasing water transparency to overcome the hysteresis effect and to initiate a recovery of macrophytes. Cultivation of zebra mussels seems the most promising approach.
High riverine nutrient loads caused poor water quality, low water transparency and an unsatisfactory ecological status in the Szczecin (Oder) Lagoon, a trans-boundary water at the southern shore of the Baltic Sea. Total annual riverine N (P) loads into the lagoon raised at the 20th century from approximately 14,000 t TN (1,000 t TP) to 115,000 t TN (10,500 t TP) in the 1980ties and declined to about 56,750 t TN (2,800 t TP) after 2010. Nutrient concentrations, water transparency (Secchi depth) and chlorophyll-a showed a positive response to the reduced nutrient loads in the Polish eastern lagoon. This was not the case in the German western lagoon, where summer Secchi depth is 0.6 m and mean chlorophyll-a concentration is four times above the threshold for the Good Ecological Status. Measures to improve the water quality focused until now purely on nutrient load reductions, but the nutrient load targets and Maximal Allowable Inputs are contradicting between EU Water Framework Directive and EU Marine Strategy Framework Directive. According to the HELCOM Baltic Sea Action Plan, the thresholds of the annual riverine nutrient inputs to the lagoon would be about 48,850 t N (1,570 t P). Actions in the river basins that would allow meeting these targets are hardly achievable. Even if the load targets would be fully implemented, they are not sufficient to transfer the lagoon into a non-eutrophic state. The implementation of EU Water Framework Directive is further hampered, as consistent water quality thresholds for the two parts of Szczecin Lagoon are missing. An approach to harmonize them is presented, which incorporates the spatial differences. By implementing consistent water quality targets, Szczecin Lagoon could serve as blueprint for other trans-boundary waters. In the western lagoon, nutrient load reductions in the past decades had no effect on the water quality. High water residence times, frequent sediment resuspension and the missing submerged vegetation inhibit the load reduction effects on the water quality. Internal measures in the western lagoon are necessary, which aim at removing nutrients and increasing water transparency to overcome the hysteresis effect and to initiate a recovery of macrophytes. Cultivation of zebra mussels seems the most promising approach.
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INTRODUCTION
With an area of 687 km 2 , Szczecin (Oder-) Lagoon is one of the largest lagoons in Europe. It is located at the border between Germany and Poland (Figures 1, 2 ) and is divided into Large Lagoon (Polish: Wielki Zalew) and Small Lagoon (German: Kleines Haff). The lagoon is shallow (average depth of 3.8 m), has a salinity between 1 and 3 PSU and is connected with the Baltic Sea via three outlets. Large Lagoon, connecting the harbor of Szczecin with the open Baltic, plays an important role for shipping and transportation of goods, therefore a 12 m deep channel is crossing it (Radziejewska and Schernewski, 2008) . With an average water discharge of about 500 m 3 /s and a drainage area of 120,000 km 2 (Pastuszak, 2012a) , the Oder (Odra) River is one of the most important rivers in the Baltic region. It significantly controls water and nutrient budgets of the lagoon (Schernewski et al., 2012b) . Ongoing high riverine nutrient loads are responsible for the heavily eutrophied status of the lagoon (Bangel et al., 2004; Schernewski et al., 2008 Schernewski et al., , 2011 , indicated among other indicators by low Secchi depths (Figure 2) . Szczecin Lagoon is a part of several European conservation-orientated programs, like Natura2000 (Wolnomiejski and Witek, 2013) . Because of its size, state of pollution, economic and ecological importance, Szczecin Lagoon has received a lot of scientific attention. It plays an important role as converter and sink for nutrients and pollutants effecting also water quality of the Baltic Sea (Radziejewska and Schernewski, 2008) .
Szczecin Lagoon is managed within EU's Water Framework Directive (WFD; WFD, 60EC), which aims to establish a "Good Ecological Status" (GES) in all surface waters. GES is defined as a 50% deviation from "reference conditions" that describe a "high status with no, or very minor disturbance from human activities" (CIS-COAST, 2003) . The WFD takes into account that coastal waters are controlled by nutrient loads from river basins, therefore it recommends comprehensive river basin management plans, linking coastal water objectives and measures in the catchments. In the Baltic Sea, the WFD is complemented by the HELCOM Baltic Sea Action Plan (BSAP), a comprehensive program to restore GES in the Baltic marine environment (HELCOM, 2007 (HELCOM, , 2013b . HELCOM BSAP can be seen as the regional implementation of the EU Marine Strategy Framework Directive (MSFD, 2008/56/EC) . HELCOM BSAP has several operational ecological targets with respect to eutrophication, especially nutrient concentrations close to the natural level, satisfactory water transparency or natural blooms of algae. To achieve the targets, the Baltic countries agreed (beside other obligations) on Maximum Allowable Inputs of nutrients (MAI) and reduction targets in order to reach GES in the Baltic Sea (HELCOM, 2013a,c) .
One problem in the Oder River and Szczecin Lagoon system is that coherent GES targets and MAI do not exist (Pastuszak et al., 2003 (Pastuszak et al., , 2005 Schernewski et al., 2011; Pastuszak and Witek, 2012a,b) . For Small Lagoon, nutrient target threshold concentrations calculated by Brockmann et al. (2005) , were far too ambitious to be reached even with an highflying river basin management (Schernewski et al., , 2012b Nausch et al., 2011) . Furthermore, the nutrient targets did not match with chlorophyll-a, although closely linked. Therefore, Schernewski et al. (2015) carried out a full re-calculation of target concentrations for nitrogen, phosphorus and chlorophyll-a in all German coastal waters of the western Baltic Sea, which included a harmonization of water quality targets of waters managed by WFD and MSFD. Then, MAI and target concentrations in rivers for the German Baltic catchments were calculated, so that water quality targets were fulfilled on average. Although, this approach was a major step forward, it has several weaknesses in the case of Szczecin Lagoon, mainly: (a) thresholds are only provided for Small Lagoon (on WFD water type level), whereas for the Polish part harmonized thresholds need to be complemented. Most parameters in the lagoon show strong spatial gradients, therefore, spatially refined analysis and thresholds are required; (b) the German GES thresholds were derived from the state of 1880, by enhancing the estimated pre-industrial concentrations of chlorophyll-a, TN and TP by 50% (Schernewski et al., 2015) . This approach allowed to derive consistent thresholds for all coastal and marine waters of the German Baltic Sea. But it stays an open questions, if the targets are reachable in a naturally eutrophic system; (c) water quality improvements via river basin nutrient load reductions usually take decades until they are fully visible (Grimvall et al., 2000; Oenema et al., 2005) . Moreover, against the background of ongoing climate change, it is uncertain whether present water quality targets are suitable for future climate (Friedland et al., 2012; Meier et al., 2012a Meier et al., ,b, 2014 BACC, 2015; Michalak, 2016) , or if an adaptation will be necessary; (d) present targets focus on nutrients, but in naturally eutrophic systems, like Szczecin Lagoon, it is questionable if GES, with respect to biological parameters, can be achieved by a nutrient management alone. At least, more biologically related indicators and thresholds, like water transparency (Secchi depth) or occurrence of submerged macrophytes (Borja et al., 2012) , should be considered; (e) there exists no spatial-explicit approach to link MAI with GES-targets on the scale of single water bodies, instead both are integrated over larger regions, e.g., the subbasins used by HELCOM, or the entire south-western Baltic Sea at Schernewski et al. (2015) .
The objectives of our study are to: (i) give a comprehensive overview about the development of external nutrient loads into Szczecin Lagoon between 1880 and today; (ii) document resulting changes of major water quality parameters in the lagoon between 1880 and today; (iii) show spatial and interannual variability of parameters within the two parts of the lagoon; (iv) analyze the re-eutrophication process and hysteresis effects; (v) test the hypothesis that management actions in the river basins are sufficient to achieve the GES thresholds; and (vi) present the state of and discuss the consequences for water quality objectives and policy implementations.
METHODS

Nutrient Loads to Szczecin Lagoon
Szczecin Lagoon's nutrient budget is dominated by waterborne nutrient loads from Oder, Peene, Uecker, and Zarow, with Oder accounting for more than 90% of the total waterborne loads (Wielgat, 2002) . Contribution of atmospheric deposition of nitrogen (N) and phosphorus (P) is marginal, as it constitutes 1% (N) and 0.2% (P), respectively to overall loads. Loads from point sources play a minor role, being strongly reduced in the 1990ties (Wielgat, 2002) . Although lower, German waterborne nutrient loads impact especially Small Lagoon, where only approximately 20% of the Oder nutrient loads end up (Wielgat, 2002) . Since late 1970ties, the German waterborne loads have been regularly monitored, nowadays being a part of the German implementation strategy of the WFD. Nutrient concentrations are usually measured twice a month (Bachor, 2005) , likewise the freshwater runoff, which is partly also computed automatically on a daily basis. Monitoring of nutrients in Oder River is conducted in Krajnik Dolny (Kowalkowski et al., 2012; Pastuszak, 2012a,b) at least once a month (Jadczyszyn and Rutkowska, 2012) . Riverine data collection started in 1988 and has been elaborated by Pastuszak et al. (2018) . Reconstructions prior 1988 were used from Behrendt et al. (2008) and from Baltic Nest Institute (Wulff et al., 2013) .
Environmental data, such as riverine nutrient concentrations and loads, often exhibit substantial natural variability caused by weather conditions at, or prior to the sampling occasion. The Partial Mann-Kendall test (Libiseller and Grimvall, 2002) was used to detect long-term changes in solute concentrations and flow-normalized loads. The test has its methodological basis in the seasonal Mann-Kendall-test (Hirsch and Slack, 1984) , which has been used to detect temporal trends in environmental data, with the difference that water discharge is included as explanatory variable. The trend assessment ( Table 1 ) was performed by comparing the calculated loads with the flow-normalized loads, based on a semi-parametric regression method (Stålnacke and Grimvall, 2001; Hussian et al., 2004) . This normalization method aims at removing the natural fluctuations in loads and concentrations caused TABLE 1 | Flow-normalized loads to Szczecin Lagoon for the reference period (1997) (1998) (1999) (2000) (2001) (2002) (2003) and recent times (2010) (2011) (2012) (2013) (2014) P-values of the long-term trends were computed using the flow-normalized input data, asterisks indicating the degree of statistical significance (no asterisk = no significant change).
by variability in water discharge or other weather-dependent variables, so that the loads at "normal" water discharge are estimated. Such removal or reduction of irrelevant variation in the collected data can help to clarify the impact of human pressures on the environment (here, the impact on riverine loads of nutrients). It has also been shown that semiparametric normalization models were almost invariably better than ordinary regression models (Hussian et al., 2004) . Maximum Allowable Inputs (MAI) by HELCOM BSAP (HELCOM, 2013a,c) were downscaled for the single rivers from the national reduction schemes. Additionally, Poland and Germany have target concentrations defined within the national implementation strategies of EU's WFD (WFD, 60EC). The German WFD target concentrations are 2.6 mg TN/l and 0.1 mg TP/l (BLANO, 2014) . Poland uses differentiated target concentrations (Garcia et al., 2012) for large lowland rivers, like Oder, (type 21; 4.0 mg TN/l, 0.29 mg TP/l) and small rivers directly feeding the coastal zone, like the German rivers entering Szczecin Lagoon (type 22; 2.7 mg TN/l, 0.32 mg TP/l).
To estimate the pre-industrial nutrient loads, the GIS (Geographical Information System) based catchment model MONERIS (MOdeling Nutrient Emissions in RIver Systems) was applied (Behrendt and Dannowski, 2005; Venohr et al., 2011) . It was adjusted to present observations for Oder (Kowalkowski and Buszewski, 2006; Schernewski et al., 2008; Kowalkowski et al., 2012) and the German catchment area (BLANO, 2014; Ackermann et al., 2016) . The simulated pre-industrial loads (referring to 1880) and a summary of underlying assumptions are published for German catchment and for Oder (Gadegast et al., 2012 Gadegast and Venohr, 2015) . Thereby Gadegast and Venohr (2015) gave only the mean TN concentrations (1.6 mg TN/l for Oder; 1.0 mg TN/l for Peene and Uecker; 0.6 mg TN/l for Zarow), which were upscaled to annual loads using the recent runoffs.
Water Quality of Szczecin Lagoon
In Small Lagoon, eutrophication parameters are gathered monthly at three stations (KHJ, KHP, and KHM; (Brandt, 1894/96) . The regular Secchi depth monitoring started in the 1960ties (Baudler et al., 2012) and was afterwards supplemented by additional parameters covering nearly the last 50 years. A first data set was compiled by Bangel et al. (2004) and extended using public available data from LUNG (State Agency for Environment, Nature Conservation and Geology Mecklenburg-Vorpommern) and annual reports on the nature of German -Polish border waters published at WasserBLIcK 1 .
Threshold determining the "Good Environmental State" (GES) in Small Lagoon are set for summer Secchi depth (1.7 m; Sagert et al., 2008) ; summer chlorophyll-a (14.3 µg/l; BLANO, 2014; Schernewski et al., 2015) and nutrient concentrations (2.3 µmol/l TP; 38.1 µmol/l TN; BLANO, 2014; Schernewski et al., 2015) . The latter were derived by using the Integrated Modeling Approach (Schernewski et al., 2015) , which combined recent observations with model simulations to estimate the preindustrial state (1880) serving as reference state. GES threshold concentrations were derived by enhancing the reference concentration with 50% (CIS-COAST, 2003).
Modeling of Water Quality Parameters
Any 3-d model of Szczecin Lagoon must reflect the strong spatial gradients, but also the exchange with the open Baltic Sea (Pomeranian Bight), which takes place via three narrow outlets (Swina, Peenestrom, and Dziwna; Figure 2) . So does the model system ERGOM-MOM (Schernewski et al., 2015) , covering the entire Baltic Sea. It consists of the ocean model MOM (Pacanowski and Griffies, 2000) and the pelagic ecosystem model ERGOM that is suitable for applications in the Baltic Sea (Eilola et al., 2011; Friedland et al., 2012) . It has a horizontal resolution of 1 nautical mile in the western Baltic Sea and the vertical water column is sub-divided into layers with a thickness of 2 m. In order to adjust the simulated water exchange between Szczecin Lagoon and the Pomeranian Bight on this coarse grid to realistic levels, the depth of Swina had to be reduced to 5 m.
The biogeochemical module ERGOM (Neumann, 2000; Neumann et al., 2002; Neumann and Schernewski, 2008) consists of three dissolved inorganic nutrients (nitrate, ammonium and phosphate), three functional phytoplankton groups (large and small cells, nitrogen fixers), fast-sinking dead organic material and a bulk zooplankton, which is grazing on the phytoplankton. Detritus is partly mineralized back into ammonium and phosphate, while the other portion accumulates at the sea bottom, where it is subsequently buried, mineralized or resuspended. All state variables are linked via advection-diffusion equations to the circulation model. Using stoichiometric ratios, the production and consumption of oxygen is calculated from all biogeochemical processes. Vice versa, the oxygen conditions determine, whether phosphate is bound to iron in the sediment (oxic situation) or is released (during anoxia). To evaluate the quality of the model outputs the method of Edman and Omstedt (2013) and Meier et al. (2018) was applied (Figure 8) , by combining the coefficient of correlation R and a cost function C, which is the mean model bias normalized by the standard deviation of the observations.
To study the water exchange of Small Lagoon, a highresolution model system was set up, using the coastal ocean model GETM (Burchard and Bolding, 2002; Klingbeil and Burchard, 2013) instead of MOM. The refined model set-up covered Szczecin Lagoon and the surrounding waters with a horizontal resolution of 150 m (approximately 33,000 horizontal grid cells instead of 228 at ERGOM-MOM) and 20 vertical layers that adapt toward stratification (Hofmeister et al., 2010; Gräwe U, 2015) . Following previous approaches (Gräwe et al., 2012; Schernewski et al., 2012a; Schippmann et al., 2013a,b) , every day ten individual particles were released and followed until they either left Small Lagoon (to Peenestrom or Large Lagoon) or they reached the maximum age of 60 days. The particles represent inert substances driven exclusively by advection (Oliveira and Baptista, 1997) . The horizontal diffusivity was taken into account using the random walk method, described by stochastic differential equations of motion (Heemink, 1990) .
The model system ERGOM-MOM was further applied to two scenario simulations. To simulate the pre-industrial state (averaged for the period 1880 to 1885, after a spin-up of 25 years with a coarse model and additionally five years with ERGOM-MOM), the needed waterborne loads were taken for the German catchment and Oder river from MONERIS (Gadegast et al., 2012; Hirt et al., 2014) . For the remaining catchments, the atmospheric deposition and weather forcing, reconstructions Ruoho-Airola et al., 2012; Schenk and Zorita, 2012) were used. For the future scenario, a transient simulation of the 21st century was conducted, assuming a moderate climate change by applying scenario RCP 4.5 (Pachauri et al., 2014) and that the MAI from BSAP (HELCOM, 2013b,c) are Baltic-wide fully implemented. The water temperature increase until the end of 21st century is with approximately 1.5 K quite low compared to most other studies (BACC, 2015) . For the later calculations, the model results at the end of 21st century (averaged for 2080-2100) were used. Table 1 ). Using the catchment model MONERIS, the estimated pre-industrial TN loads differ substantially (between 14,100 and 26,400 t TN/a; Table 2 ). TP loads increased from approximately 1,000 t TP/a in 1880 (Table 2) already strongly until 1960, where they were on the same level as recently (Figure 3) . The TN loads of 1960 were still near to the upper estimate for the historical levels, before they increased rapidly (Figure 3) .
RESULTS
Nutrient Loads to Szczecin Lagoon-Development and Targets
Nearly all rivers show a significant decrease of flownormalized TP loads, for TN loads this is only the case for Oder and Uecker ( Table 1 ). The German rivers had further a decreasing trend of the freshwater runoff ( Table 1) . The loads showed the strongest decrease in the early 1990ties, while since 1995 the flow-normalized German TP loads stayed on the same level (approximately 100 t TP/a), except 2011. The flow-normalization has thereby only a minor influence on the German TP loads (Figure 3) , while it smoothed the TN loads, revealing that there was nearly no decrease (Figure 3) . The flownormalization resulted thereby in a smaller annual load for Oder in 15 of 27 years for TN (17 of 27 for TP) and for the German rivers in 20 of 37 years for TN (19 of 37 for TN).
Applying the flow-normalization led to lower nutrient loads from Oder for the reference period and recent years, while the German flow-normalized loads are higher in both period. But the method worked well to reduce the impact of floods on the loads (Figure 3) . In 2010, strong rainfalls resulted in an extremely high outflow (up to 1,400 m 3 /s in June) and extraordinary high loads (91,000 t TN/a and 4,100 t TP/a), while this peaks are not visible in the flow-normalized loads. But also some exceptional years (1997) (1998) (1999) (2000) (2001) (2002) (2003) and load targets according to HELCOM Baltic Sea Action Plan (HELCOM, 2013b); loads calculated with adoption of the Polish WFD target (Garcia et al., 2012) and the German WFD-target (BLANO, 2014); estimated pre-industrial loads from catchment model MONERIS. remained, e.g., in 2014 Oder runoff was extremely low (400 m 3 /s), resulting in an increase of flow-normalized TN loads compared to previous years. Vice versa, the flow-normalized TP loads had a recent peak in 2013, when runoff was very high (626 m 3 /s). In summer 2011 very strong rainfalls occurred, resulting in extremely high runoff combined with high TP concentrations due to the erosion in agricultural areas, especially in the Uecker catchment. As a consequence, monthly flow-normalized TP load was 13.7 t in August 2011, which is one order of magnitude above the long-term August average (1.5 t). Downscaling the Maximal Allowable Inputs (MAI) from HELCOM BSAP, leads to reduction needs of 8.2% (21.1%) and 22% (64%) for German and Polish waterborne TN (TP) loads compared to the reference period. The MAI of Oder (on basis of the flow-normalized loads; Table 2 ) are then approximately 44,630 t TN/a (1,482 t TP/a) and for the German tributaries 4,230 t TN/a (80 t TP/a; Figure 3) . After 2010, only Zarow fulfilled the TN target. None of the rivers was below the TP MAI of HELCOM BSAP. Adopting the different WFD threshold concentrations together with the average annual water discharges, MAI arising from the WFD assumptions are substantially differing from each other and also from the HELCOM MAI ( Table 2 ). The German WFD target results in an allowable TN load of approximately 2,600 t TN/a for the German rivers, what means an additional TN reduction need of 30% compared to BSAP and 4% compared to the Polish WFD target. The German WFD TP target is substantially below than the Polish one, but less strict than BSAP and was almost equal to the reference loads. Assuming the German WFD target for the Oder, corresponds to an annual TN-MAI of approximately 41,400 t TN ( Table 2) . This would mean an additional reduction need of 7.3% compared to BSAP and would be a substantial tightening (35%) compared to the present Polish WFD target.
Sum of German rivers
Water Quality in Szczecin Lagoon-Development and Targets
Secchi depth (SD), as well as near surface concentrations of chlorophyll-a (Chl-a), total nitrogen (TN) and total phosphorus (TP) are shown for Small Lagoon (represented by station KHM) and Large Lagoon (station C) in Figure 4 . Throughout the study period, SD was in Large Lagoon always higher than in Small Lagoon, while Chl-a concentrations are substantially lower than in Small Lagoon. Until the middle of the 1990ties, Chla was in the same range for both parts. Then, it decreased by half in Large Lagoon (Figure 4) . This decrease of Chl-a is significant for the whole time period, but also for the recent years ( Table 3) . It is strongly correlated with the reduced riverine TP loads (R 2 = 0.85; Figure 5 ), but only slightly with the TN loads (R 2 =0.14; Figure 5) . In Small Lagoon, concentrations of Chl-a dropped in the 1980ties. Afterward, they remained on the same level (Figure 4) unaffected from the decreased nutrient loads (Figure 6) . No significant trend was found, instead the p-value even increased for recent years ( Table 3) . TN and TP concentrations in Small Lagoon decreased from the maximal concentration in mid-1980s of approximately 300 µmol TN/l (13 µmol TP/l) to 100-150 µmol TN/l (5-7 µmol TP/l) mid of the 1990ties, resulting in a significant downward trend, which can not be found for recent years (Table 3) . In Large Lagoon, TP concentration showed a continuous declining trend since its peak around 1990, resulting in significant downward trend (Table 3) . This decreasing trend is strongly correlated to the riverine TP loads (R 2 =0.66). TN concentrations declined between 1985 and 1990, remained quite constant afterwards and started to increase after 2005 (Figure 4) , unaffected of the decreasing TN loads, so that no downward trend was found ( Table 3) .
In Small Lagoon, the GES thresholds are most strongly violated in the case of Chl-a. The present state is five times the target value (Figures 5, 7) . But TN and TP are also TABLE 3 | P-values of the long-term decreasing trend for water quality parameters observed at Station C (Large Lagoon) and KHM (Small Lagoon) computed for either the whole time period (see Figure 4) (Figure 7) . Extending the target setting approach also to SD 2 , would result in target values of 2.87 m (Large Lagoon) and 1.97 m (Small Lagoon). This target thresholds would be approximately three times the present state.
Modeling of Water Quality Parameters
Using observations from all available stations in Szczecin Lagoon and from the Southern Pomeranian Bight (Figure 2) , the model skill of ERGOM-MOM was calculated for surface Chla and dissolved nutrients (DIN, DIP), as well as for the near bottom values of salinity and oxygen (Figure 8) . Following the classification of Omstedt et al. (2012) , simulated surface DIN, bottom oxygen and salinity are good or acceptable for nearly all stations. Modeled surface Chl-a and DIP suffer from the low correlation coefficients, although the normalized biases are in the same range like for the other quantities. The single stations of the different regions cluster strongly. The strongest deviation at Chl-a in Small Lagoon occurred thereby in autumn and winter, so that the derived water quality targets for summer Chl-a are not impacted (Figure 7) . But their too low concentration has a strong impact on the DIP concentrations, as phytoplankton is missing to bind DIP. On the other hand, the increase of DIP concentrations in late summer after the depletion in spring and early summer 2 Schernewski et al. (2015) did the target setting only for Chl-a, TN and TP. starts approximately 1 month earlier in the observations then in the model simulation, worsening the correlation. While the simulation covering the pre-industrial period was used to derive the water quality thresholds, the transient simulation of the 21st century was run to test the Baltic-wide implementation of MAI from HELCOM BSAP. In both parts of Szczecin Lagoon, none of the GES thresholds is met by the scenario simulation (Figure 7) . Especially, the simulated Chl-a and TN concentrations are strongly above the thresholds, while TP targets are almost met. In both simulations, the simulated Chl-a concentrations are quite the same for both parts of Szczecin Lagoon, dissipating the spatial differences for the present state seen in the observations and the model.
To estimate the water exchange of Small Lagoon during summer month, in the GETM-setup particles were released daily. For two-monthly periods, the residence times were calculated then (Figure 9 ), resulting in a quite consistent spatial pattern. For nearly the whole Small Lagoon the particle age was equal to 60 days, what was the maximal time period, for which the particle were followed. This means, the particles did not left Small Lagoon, so that the water exchange is very limited.
DISCUSSION
Szczecin Lagoon is strongly utilized by human activities and a crucial supplier of ecosystem services (Inácio et al., 2018; . Anthropogenic pressures, especially high nutrient loads, have led to a strongly eutrophied state, while at once central European policies, like the Water Framework Directive (WFD, WFD, 60EC), claim an improved water quality, up to reaching the "Good Ecological State" (GES). Due to its spatial heterogeneity, the inconsistent driving external policies and the opposite reaction to the changed pressures, Szczecin Lagoon can serve as case study for the ongoing re-eutrophication process in many other coastal waters. Szczecin Lagoon is characterized by high concentrations of chlorophyll-a (Chl-a) and a low Secchi depth (SD; Figure 1 ), resulting in a low water transparency. Numerous measures FIGURE 8 | Using the coefficient of correlation (R) and a cost-function (C), grouped into three classes (following Edman and Omstedt, 2013 ) the performance of the model simulation (ERGOM-MOM) with respect to chlorophyll-a (red), DIN (orange), DIP (yellow), bottom oxygen (green) and salinity (blue) is shown for Small Lagoon (circles), Large Lagoon (squares), Southern Pomeranian Bight (diamonds) and combined for all stations (stars).
were undertaken to reduce the extensive nutrient supply (Kowalkowski et al., 2012; Pastuszak, 2012a,b; Pastuszak and Igras, 2012; Pastuszak and Witek, 2012a) , resulting in load reductions of 30% (TN) and 70% (TP) compared to the peak values three decades ago (Figure 3) . The two parts of Szczecin Lagoon (Small and Large Lagoon; Figure 1 ) reacted differently to the lowered loads with mostly significant improving trends at Large Lagoon and no trends at all in Small Lagoon ( Table 3) . Following Duarte et al. (2009) to combine water quality and nutrient load data, revealed that the declining supply of nutrients in the last two decades resulted only in Large Lagoon in a diminishing intensity of phytoplankton blooms ( Figure 5 ) and an increase of SD (Figure 4) . The water quality in Small Lagoon remained unaffected (Figure 5) . In June 2012, SD reached even 2.55 m in the central part of Large Lagoon, which was the highest value since the continuous water quality monitoring started. This is already in the range of historical state (2-2.5 m; Brandt, 1894/96) . Starting from 2012, meadows formed by Potamogeton perfoliatus and Myriophyllum spicatum have been regularly observed at the depth of 2-2.2 m in the eastern part of Large Lagoon (A. Woźniczka, NMFRI, pers. comment). These appearances are practically identical to those reported for the end of the 19th century (Brandt, 1894/96) . Together with the re-occurrence of Characeae (Brzeska et al., 2015) , this is pointing to an improving ecological state due to the increased water transparency in Large Lagoon. This improvement was accompanied by nearly a halving of Chla concentrations (Figure 4) , what is strongly correlated to the reduced TP loads (Figure 5) . Hence, further load reductions are the most important measure to improve the water quality enduringly in the eastern part of Szczecin Lagoon.
Contradictory, the western part of Szczecin Lagoon (Small Lagoon) stayed unaffected from the decreased loads. At the end of the 1960s, when the first regular monitoring started, SD was higher (up to 0.9 m) than today (around 0.6 m), but already strongly below the historical values and also the GES target (1.7 m; Sagert et al., 2008) . The historical range (2-2.5 m; Brandt, 1894/96) was not differentiated between Small and Large Lagoon, but it seems likely that SD in Small Lagoon was always less than in Large Lagoon due to the hydrographic background conditions. This difference is reflected by our suggested SD targets (1.97 m for Small Lagoon and 2.87 m for Large Lagoon). Central problem of Small Lagoon hampering any water quality improvement is thereby the low water exchange and high water residence times (Figure 9) . This leads to the long-lasting internal cycling of nutrients, enhanced by the permanent resuspension of organic-rich sediments (Radziejewska and Schernewski, 2008) . The low light availability hampers the growth of submerged macrophytes and resulted in a regime shift from a macrophyte dominated system to a phytoplankton dominated one . This is further enhanced by the hysteresis effect (Scheffer, 2009) , as macrophytes are missing to stabilize the sediments (Karstens et al., 2015) and to reduce the resuspension, resulting in a further lowered water transparency. Berthold et al. (2018) combined nutrient concentrations and phytoplankton biomass in several coastal waters of the southern Baltic Sea and emphasized the importance of hysteresis and resilience factors when reversing eutrophication, concluding that the pure reduction of nutrient loads will not be sufficient to reach the GES thresholds. Duarte (2009) showed for coastal waters, which received high external loads in the 1970ties and 1980ties that returning to oligotrophic conditions is extremely difficult, long time taking, and might in practice be impossible. The recovery of a degraded ecosystem is complex (Duarte et al., 2015) , may last decades to centuries (McCrackin et al., 2017) and is often only possible, when external pressures are reversed and additional restoration efforts undertaken (Duarte et al., 2015) . Carstensen et al. (2011) concluded from the development between 1970 and 2010 of coastal waters in Europe and USA that the reduction of nutrient loads had no striking impact on surface Chl-a. Riemann et al. (2016) extended the analysis to all coastal waters in Denmark, which experienced since 1990 a bisection of nutrients loads, while SD, eelgrass coverage and benthic gross primary production (Krause- Jensen et al., 2012) increased only slightly. In Small Lagoon, the same occurred, as a lessening of nutrient loads has not led to lower values of eutrophication parameters, so Small Lagoon is always characterized by residence times near to the maximal value (the particle were only followed for 60 days).
that reaching the desired GES is not possible only by reducing the nutrient loads. Further, Petkuviene et al. (2016) and Zilius et al. (2014) reported for muddy sediments in Curonian Lagoon (which are also dominating in Small Lagoon) a release of reactive P, boosting phytoplankton blooms. Boström and Pettersson (1982) and Jensen and Andersen (1992) observed a release of P in shallow lakes also under oxic conditions, concluding that not only the pure redox conditions at the sediment-water interface are crucial for the P-release. Søndergaard et al. (1996) showed the strong influence of resuspension on pelagic nutrient concentrations in shallow lakes and explained this by a high ratio of sediment surface to water column. This holds also for Small Lagoon, where average water depth is below 4 m. To improve water quality in Small Lagoon in a suitable manner, it is therefore not only important to further reduce the external nutrient supply, but to tackle the resuspension and the hysteresis effect. Submerged vegetation is missing to stabilize the sediments, to reduce the resuspension of particles and to bind excess nutrients (especially P).
Hence, an extension of measures (in addition to limiting the nutrient loads) within Small Lagoon seems necessary or authorities have to acknowledge that GES cannot be reached. Possible internal measures cannot replace nutrient input reductions, but they are adequate supplements if they affect the central problems, which are the missing submerged vegetation and the frequent resuspension of sediments. Berthold et al. (2018) discussed therefore bio-manipulation approaches, like the planting of submerged macrophytes or the transition of the food web from planktivorous to piscivorous fish. More promising is to increase the biomass of filter feeders by supplying them appropriate material to grow on (Stybel et al., 2009) as suitable hard substrate is missing in Small Lagoon. Filter feeders reduce the phytoplankton density and improve thereby the underwater light climate. Petersen et al. (2008) showed that in an eutrophied coastal water in Denmark (Ringkobing Fjord) a sudden regime shift towards a clear water state could be initialized by supporting the growth of already occurring suspension feeders. This led to an increasing coverage of benthic vegetation and an ongoing improving trend of water transparency, even when the suspension feeder biomass did not further increase. To ensure at once the active removal of nutrients, mussel farm approaches can be adapted, allowing to harvest the mussels, when they are big enough . Schernewski et al. (2012b) estimated that in Small Lagoon every year 1,000 t N and 70 t P could be taken out by mussel farms utilizing Dreissena polymorpha. SD could be increased by up to 30 cm, so that light availability and overall growing conditions of submerged macrophytes would improve. The efficiency of mussel farms to locally improve SD and water quality was carried out along Baltic coastal waters in Sweden (Lindahl et al., 2005) , Denmark (Nielsen et al., 2016) or Germany (Schröder et al., 2014) . With a spatial explicit mussel farm simulation model, Friedland et al. (2018) showed that SD could locally be increased even up to 60 cm, but at an increasing risk of anoxia, resulting in a further P-liberation from the sediment. Nevertheless, even in the maximal scenario of Friedland et al. (2018) , the potential water quality improvement was not enough to reach the GES thresholds of Chl-a. Instead of a maximal mussel farm approach with unpredictable implications, most promising is to establish spatially and temporally restricted farms to support the (re-)occurrence of submerged macrophytes at wisely chosen spots )-presuming that they will grow, if the underwater light conditions get good enough due to the clearance effect of the mussels. After the initial recovery of the submerged vegetation, the mussel farm could be dismantled and moved to a new spot to prevent a disturbance of the newly grown vegetation.
Yet, water quality management measures focused exclusively on reducing nutrient loads, which are the most important anthropogenic driver resulting in the present eutrophied state. But the management is hampered by non-harmonized nutrient load targets from the driving legislations ( (Håkanson and Bryhn, 2008; Håkanson et al., 2010) . Szczecin Lagoon is not an explicit part of the ecosystem model NEST , which was used to determine the MAI. Instead, it is combined with the entire Pomeranian Bight and parts of the Bornholm Basin to one subbasin. This means that the nutrient retention within Szczecin Lagoon is not included in NEST, although at least 20% of Oder's nutrient loads are retained in Szczecin Lagoon according to our simulations. (Pastuszak et al., 2005) reported retention rates even up to 45% for N and 37% for P loads. The reduction demands by the updated version of BSAP (HELCOM, 2013b) resulted in unreachable low target, which is nearly the same as in the preindustrial situation ( Table 2 ) and 16.3% more ambitious than the German WFD target (0.1 mg TP/l; Table 2 ; BLANO, 2014) . Håkanson and Bryhn (2008) and Håkanson et al. (2010) grouped eutrophication indicators according to the trophic state of the different parts of the Baltic Sea and concluded that only Gulf of Finland, Gulf of Riga, Kaliningrad proximity, Vistula, and Szczecin Lagoon are eutrophic and need attention. Therefore, all actions related to nutrient load reduction should be focused on these regions but not on the entire Baltic Sea. Håkanson et al. (2010) emphasized further that the proposed level of load reductions may need updating due to further reorganization of the Baltic ecosystem as a result of regime shifts (Möllmann et al., 2005 (Möllmann et al., , 2009 Tomczak et al., 2016; Zettler et al., 2017) and due to the impact of climate change on water quality (Friedland et al., 2012; Meier et al., 2012a Meier et al., ,b, 2014 . For the central Baltic Sea, not the nutrient load to Szczecin Lagoon is crucial, but the nutrient export from it to the open Baltic. Hence, strengthening the nutrient removal within Szczecin Lagoon, e.g., by establishing mussel farms also in the eastern part, could therefore be a support to reach the targets of the BSAP.
If mussel farms are proven to be a suitable supporting measure to enable a sustainable water quality improvement, transferring them to other coastal systems seems possible. Applying the lagoon categorization of Kjerfve (1986) , Kjerfve and Magill (1989) , and Umgiesser et al. (2014) to Szczecin Lagoon as whole water body is not possible due to its high spatial heterogeneity. While Large Lagoon is a restricted lagoon, Small Lagoon is choked, comparable to lagoons like Mar Menor (Mediterranean Sea), where low freshwater runoff and a limited exchange with the open sea take place (Umgiesser et al., 2014) . But, Mar Menor reacted opposite to the increased nutrient loads over the past decades with high water transparency (up to 5 m Secchi Depth; Pérez-Ruzafa et al., 2008 and only a low phytoplankton density, resulting in a classification as oligotrophic water (Marín et al., 2015) . On the other hand, for Curonian Lagoon (Baltic Sea) a decline of submerged macrophytes due to eutrophication is also reported (Sinkevičienė et al., 2017) . The zonation of Curonian is thereby quite comparable to Szczecin Lagoon with a slow water renewal in the southern part (Umgiesser et al., 2016) , while the northern part is flushed out as fast as Large Lagoon (76.5 days; Umgiesser et al., 2016) . For Curonian Lagoon the potential of mussel farms is already discussed (Bagdanavičiūtė et al., 2018) . Other coastal waters like Darss-Zingst-BoddenChain (Schubert et al., 2010) or Rügensche Binnenbodden (both German Baltic Sea; Selig et al., 2007) experienced a comparable strong reduction of submerged vegetation and water transparency, and are not reacting to decreased nutrients loads (Berthold et al., 2018) .
Many other trans-boundary waters (Newton et al., 2014) , e.g., Vistula Lagoon (Chubarenko et al., 2014) , Curonian Lagoon (Povilanskas et al., 2014) or Flensborg Fjord, are lacking like Szczecin Lagoon from a consistent and joint water quality target setting across political borders. Applying the Integrated Modeling approach of Schernewski et al. (2015) to both parts of Szczecin Lagoon allowed to derive harmonized target values (Figure 7) , accounting the differences in the present state of both parts, but also the differing reactions to nutrient load changes. It can therefore be a blueprint for other transboundary waters. The method of Schernewski et al. (2015) to define GES targets was an important step forward, as it allowed to derive consistent and harmonized targets for all German coastal waters of the Baltic Sea. Although it included the water body specific present states as well as simulated reactions to changed nutrient loads, the estimated pre-industrial state (referring to 1880) might be unrealistic low for some waters after a century of excess nutrient loads, e.g., the simulated Chl-a concentration in Small Lagoon for 1880 is approximately 14% of the recent one. Beside the uncertainty of the model simulations, this deviation raises the question if 1880 is suitable as state referring to a very good water quality or if water quality targets in Szczecin Lagoon should base on another reference state, e.g., before 1960. On the other hand, the pre-industrial nutrient loads can only be derived from models. Although using both times the catchment model MONERIS, estimated pre-industrial TN loads by Gadegast and Venohr (2015) were double of Gadegast et al. (2012) (Table 2 ). Following the model results for a very optimistic future scenario (Figures 5, 6) , where all nutrient load reductions were in charge, GES was still not achieved. The mismatch between water quality targets and nutrient load thresholds stresses out the importance of complementing water quality targets of coastal waters with reduction demands in the catchment area, as introduced by Arheimer et al. (2015) or within the updated Danish Water Action Plan . Although differing in details, these approaches have in common that they are tailor-made and include the specific characteristics of the water bodies and catchment areas.
The used ecosystem model (ERGOM-MOM) was well able to reproduce the mean eutrophication parameters (Figure 7) , although the model skill (Figure 8 ) revealed some weaknesses. Future improvements may result in more reliable estimates of the pre-industrial state and derived GES thresholds. ERGOM was in its initial phase (Neumann, 2000; Neumann et al., 2002) adjusted to the open Baltic Sea, dominated by phytoplankton communities not being exposed to a steady supply of nutrients, like in Szczecin Lagoon. Further, the interaction with higher trophic levels and macrophytes is missing. 45 trophic-functional components are identified of Large Lagoon's food web (Wolnomiejski and Witek, 2013) , while ERGOM only includes three phytoplankton groups and one bulk zooplankton, in which not only all zooplankton species but also all their individual life stages are merged. Nevertheless, with respect to the nutrient dynamics, ERGOM is mostly well adjusted. With denitrification, the most important N retention process is included, which contributes up to 70% of the N retention within Szczecin Lagoon (Pastuszak et al., 2005) . In our simulations, denitrification results in an average loss of 4.7 mmol N/m 2 /d or 16,500 t N per year (integrated over the whole lagoon; Allin et al., 2017) . This fits with reported values, e.g., 2-4 mmol N/m 2 /d (Radziejewska and Schernewski, 2008) or 15,800 t N/a (based on model data; Wielgat and Witek, 2004) , while (Dahlke et al., 1998) reported an annual loss of only approximately 500 t N for Small Lagoon (based on observations). On the other hand, the liberation of P under anoxic conditions is involved, but might not be enough, if P is released from the sediments, although in the bottom waters oxygen is still available. Here the description of the early diagenesis with one static layer that can be either oxic or anoxic is not sufficient, but the qualitative and quantitative description will be improved in the future (Radtke et al., 2018) .
CONCLUSION
• Due to excess of nutrient loads over the past century, Szczecin
Lagoon is strongly eutrophied and not in the desired "Good Ecological State, " as claimed by Water Framework Directive (WFD).
• TN (TP) loads are nowadays 30% (70%) lower than at the peak around 1990, but the decreasing trend is only significant for TN and TP in Oder. Further reductions are necessary to fulfill load targets from the German WFD implementation strategy and the HELCOM Baltic Sea Action Plan. Both target sets need a harmonization.
• In the Polish eastern part of Szczecin Lagoon, the reduced loads led to a substantial improvement of water quality in the last decades. Ongoing load reductions are needed to further improve the water quality there.
• Water quality in the German western part remained unaffected from the reduced loads due to the long water residence times, the frequent resuspension of sediment and the decline of submerged vegetation. A re-eutrophication of Small Lagoon and reaching the GES purely by reducing the nutrient loads is not possible.
• To improve the water quality in Small Lagoon, internal measures are necessary, which directly elevate water transparency to improve the growing conditions of submerged macrophytes. Most promising approach are mussel farms.
• Consistent and harmonized water quality thresholds are derived for both parts. By implementing them, Szczecin Lagoon could get a blueprint for other transboundary waters.
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